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Abstract Novel apparatus for the generation of underwater plasma based on DC dia-

phragm discharge excited in a vapor bubble has been developed for decontamination and

disinfection of conductive water. The apparatus allows deposition of relatively high

applied power into the discharge (order of kW) and the treatment of a relatively large

volume of liquid (order of L/min). The apparatus is operated at the quasi-pulse regime with

self-terminating discharge pulses (with a repetition rate of 15–20 Hz) generated upon the

formation of the vapor bubble inside the diaphragm (capillary) and its subsequent break-

down. The effects of input power, solution conductivity and the method of liquid flow

through the reactor on the plasmachemical yield of H2O2 production and degradation of

phenol have been determined. The biocidal effects of the apparatus were evaluated on

inactivation of bacteria E. coli and E. faecalis suspended in aqueous NaCl solutions and on

growth inhibition of the cyanobacterium Planktothrix sp. in natural lake water. The

apparatus proved to be capable of efficiently reducing biological contamination in water,

especially when operated in the plug-flow regime (up to a 5-log reduction in bacteria after

3 passes through the reactor). In the case of cyanobacteria, the growth inhibition further

proceeded after exposure to the discharge and one pass of the biomass through the reactor

was sufficient to reduce the algae in the water.
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Introduction

Electrical discharges generated directly in water have been demonstrated to initiate a

variety of chemical and physical effects, which have been shown to be effective at

degrading a variety of organic compounds and also in the inactivation and destruction of

microorganisms in water [1–4]. Since a very highly localized electric field of the order of 1

MV/cm is needed for the electrical breakdown of water, pulsed high voltage and electric

field enhancing electrode systems are often used to generate an electrical discharge in

water [1, 4]. However, from the technological and application points of view, the need for

pulsed high voltage brings the cost and complexity disadvantages of these systems.

In this work, we present novel apparatus for the generation of underwater plasma based

on a DC diaphragm discharge excited in a vapor bubble [5]. The apparatus is operated at

the pulse regime, although it is charged by a DC power supply, since pulses are generated

by physical processes in the device, and allows the deposition of relatively high power into

the discharge (order of kW) and the treatment of a relatively large volume of liquid. This is

a significant improvement compared to previously reported similar systems excited in

vapor bubbles based on pinhole (diaphragm) or capillary discharges [6–20] which,

although charged by DC or AC voltage, face problems with their electrical arrangements or

wear problems associated with the pinhole in the diaphragm layer, which permit deposition

only of low power into the discharge (order of tens to hundreds watts). Thus, only a small

volume of generated plasma, a narrow range of operating conditions and the lifetime of the

diaphragm (pinhole) are very limiting factors in these systems. The design of the presented

DC diaphragm discharge system seeks to solve some of these limitations. Performance of

the apparatus was evaluated based on the chemical and biological effects induced in water

by plasma produced by the DC diaphragm discharge. The production of H2O2, degradation

of phenol, inactivation of bacteria E. coli, E. faecalis, and the growth inhibition of cya-

nobacterium Planktothrix sp. was studied in dependence on the applied power, the solution

conductivity and operating regime used for flow of the liquid through the reactor.

Experimental

Figure 1 shows the scheme of the high power DC diaphragm discharge apparatus used in

this work [5]. Two chambers (1,2) made from polymethyl methacrylate and provided with

inlet (3) and outlet (4) ports were filled with aqueous solution (volume of each chamber

was 600 mL). The chambers were separated from each other by a dielectric barrier (5)

made from polymethyl methacrylate. Electrodes (6,7), one grounded and the second

connected to the DC high voltage power source (HV), were placed in the chambers (1,2). A

high voltage capacitor (8) was connected in parallel to the DC power supply to lower its

output impedance. The chambers (1,2) were electrically connected through a connecting

hole (capillary) in the dielectric barrier (9), which was lined with ceramic material made

from sintered alumina (relative dielectric permittivity *10, zero porosity). The liquid did

not flow through the connecting hole except for the self-pumping effect of the capillary

[20] and no visible changes or erosion were observed on the ceramic material of the

capillary through the operation of the discharge. By proper choosing of the connecting hole

dimensions (length and diameter) and the capacitance of the high voltage capacitor (8) it

was possible to establish in the connecting hole an electrical current of sufficient density

needed for the evaporation of a small amount of liquid, and thus, the formation of the vapor

bubble inside the capillary and its subsequent electrical breakdown. The net flow of liquid
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through the capillary would intercept the formation of the vapor bubble inside the capillary

since the water in the connecting hole would be continuously cooled down by flowing

liquid. In this work, a capillary with an inner diameter of 2 mm and a length of 6 mm was

used as the connecting hole in the dielectric barrier between the chambers (1,2). The

capacitance of the high voltage capacitor (8) was 200 nF.

The created inhomogeneity (i.e., formation of the vapor bubble inside of the connecting

hole) allowed the electrical breakdown of the water and the initiation of an electrical

discharge, which strongly expanded into the relatively large volume of surrounding water

on both sides of the connecting hole, that is discharge of the positive and the negative

polarity was generated simultaneously (see Fig. 2 showing a picture of the underwater

plasma generated by the present apparatus). Expansion of the discharge led to the termi-

nation of the conditions required for the existence of the discharge and to the interruption

of the discharge current between the electrodes. After the end of this process, the con-

necting hole began to fill back with water and the whole process was repeated. Thus, the

apparatus was operated at the pulse regime although it was charged by a DC power supply;

pulses were generated by physical processes in the device. Figure 3 shows a typical

sequence of voltage and discharge current pulses produced by the presented apparatus

under conditions used in this work.

The power input was 2 kW (with the applied voltage of 6 kV). The solution conduc-

tivity was 500 lS/cm. Figure 3 shows that the applied DC voltage dropped after the bubble

breakdown from its initial value of 6 kV to approximately 4 kV accompanied by the

increase in the discharge current with an amplitude of 0.5–2 A. The DC component of the

current was approximately 60 mA. After approximately 10–20 ms of discharge duration,

the voltage returned to its initial value. Such self-terminating discharge pulses were pro-

duced typically with a repetition rate of 15–20 Hz.

The chemical activity of the discharge apparatus was evaluated by measurement of the

yield of plasmachemical production of H2O2 and degradation of phenol. The concentration

of H2O2 was determined colorimetrically using the reaction of H2O2 with titanyl ions

measuring absorbance of the peroxotitanium (IV) complex at 410 nm. The concentrations

Fig. 1 Experimental setup
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of phenol and its primary by-products (hydroquinone, catechol, 1,4-benzoquinone,

hydroxy-1,4-benzoquinone) were analyzed using the HPLC system Shimadzu LC-10Avp

with UV and fluorescence detection. Analyses were made using a 5-lm reversed phase

Fig. 2 Photograph of underwater DC diaphragm discharge. Views from the positive (a) and negative
(b) polarity sides of the diaphragm

Fig. 3 Sequence of voltage and current pulses produced by DC diaphragm discharge in water
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Supelcosil LC-18 column (25 cm 9 2.4 mm; Supelco). An isocratic method with a solvent

mixture of 10 % acetonitrile and 0.5 % acetic acid in deionized water was used as the

eluent with a flow rate of 0.4 mL/min. UV detection was performed at 250, 274 and

290 nm. Fluorescence detection was made with excitation and emission wavelengths 271

and 297 nm, respectively.

The biocidal effects of the experimental apparatus were evaluated on bacteria

Escherichia coli CCM 3954 (ATCC 25922) and Enterococcus faecalis CCM 4224 (ATCC

29212). Bacterial suspensions were prepared by preculturing the bacteria cells in the

growth medium and then dispersing in NaCl solutions with a final solution conductivity of

300 or 500 lS/cm. The discharge chamber was filled with a suspension of bacteria that was

circulated through the reactor using a diaphragm liquid pump with the flow rate of 1 L/min.

The total volume of bacterial suspension was 6 L with approximately 4.8 L of the liquid in

the external flow circuit comprising from polyethylene tubings and a cooled water reser-

voir. In the case of plug-flow experiments (i.e., without re-circulation of the bacteria

suspension back into the discharge reactor) the initial volume of bacterial suspension was

20 L, which was used in aliquot volume parts in three subsequent experiments. The treated

liquid was cooled to maintain isothermal conditions of about 23 �C. The number of bac-

teria cells in the liquid suspension was assayed by counting colony forming units (CFUs)

cultivated on agar plates. The initial amount of bacteria was about 105 CFU/mL in all

experiments performed in this study. The viability of the bacteria was determined as the

ratio of the concentration of surviving bacteria to the total concentration. The effects of DC

diaphragm discharge on cyanobacterium Planktothrix sp. was assayed using the algal

growth inhibition test. Aqueous solutions of Planktothrix sp. were prepared from fresh-

water and cyanobacteria biomass taken from the Plumlov water reservoir, Czech Republic.

The total volume of cyanobacteria solution was 20 L. Experiments were performed using

the same procedure as with E. coli and E. faecalis. The initial conductivity of cyanobac-

terial solutions was 285 lS/cm. The inhibition of cyanobacterium growth by the discharge

was evaluated by measuring the cell density of discharge-exposed cyanobacteria cells

against the unexposed control cultures at 24, 72 and 120 h after treatment by the discharge.

Results and Discussion

Chemical Activity of DC Diaphragm Discharge

The performance of the present DC diaphragm discharge apparatus was evaluated in

dependence on the applied power and solution conductivity. Hydrogen peroxide was used

as a probe of the plasmachemical activity of the diaphragm discharge in these experiments,

since H2O2 is one of the major chemical products of the underwater discharges [2, 21]. It

should also be noted that the amounts of H2O2 presented in this work were in all exper-

iments the sum of H2O2 productions obtained by the diaphragm discharge in both cham-

bers (i.e., produced by the positive and negative polarity discharges simultaneously). The

production of H2O2 by the diaphragm discharge in water was determined in dependence on

the applied power (500–2,500 W) and the solution conductivity (200–500 lS/cm).

Figure 4 shows that the yield of H2O2 increased linearly with the increasing power

input, with a maximum yield of 0.51 g/kWh for the highest applied power of 2.5 kW. On

the other hand, the solution conductivity had a very negligible effect on the production of

hydrogen peroxide under fixed applied power input. Figure 5 shows the production of

H2O2 by diaphragm discharge generated in NaCl solutions with conductivity of 285, 350
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and 500 lS/cm and power input of 2 kW. A similar result was reported also for AC

capillary discharge [15, 16], however, this is quite a different result compared to the

dependence of H2O2 energy yields on applied power and conductivity, which is typically

observed for the production of H2O2 by the pulsed discharges in water generated with pulse

energy input *J/pulse [21, 22].

The reason for this difference is most likely to be the different mechanisms of the

electrical breakdown of water between these two types of underwater discharges, that is

higher power applied into the liquid in the diaphragm reactor advances the thermal effects

inside the hole (capillary) and, thus, the formation of the vapor bubble inside the dia-

phragm (capillary) and its subsequent breakdown. Apparently, in such a mechanism, power

input is one of the most important parameters. Solution conductivity seems to be a less

important factor although it determines the resistance of water and thus the electrical

current needed to heat the liquid and create the bubble inside the diaphragm. Concerning

the energy efficiency of H2O2 production by DC diaphragm discharge, the obtained values

are about one-third of the values typically determined for the production of H2O2 by the

pulsed discharges in water generated with pulse energy input *J/pulse [21]. The reason for

such a difference can also be related to the thermal initiation mechanism of the diaphragm

discharge, since a part of the total applied power is consumed in Joule heating of the liquid

during the pre- and post-breakdown phases and does not contribute directly to the plasma

formation and generation of chemical species. Depending on the discharge regime, this

fraction can be quite significant [4]. The fraction of the power consumed for the thermal

initiation of the discharge was estimated from the voltage and discharge current waveforms

(Fig. 2) of approximately 400 W, which was about 25 % of the total average electrical

power dissipated in the DC diaphragm discharge. In addition, the power applied into the

diaphragm discharge was dissipated in the simultaneous generation of plasma of positive

and negative polarity, compared to the pulsed streamer discharge, for which data for H2O2

production were obtained under the positive polarity of the applied power. Therefore, the

comparison of the energy efficiency of H2O2 of both systems, considering only applied

power into the discharge, is limited.

However, another reason for lower H2O2 energy efficiency might be the different

properties of the plasma formed by diaphragm discharge in the vapor bubble and in the

pulsed streamer discharge plasma in water. Plasma formation in vapor bubbles is a

Fig. 4 Effect of applied power
input on the energy yield of H2O2

produced by DC diaphragm
discharge in water (NaCl
solutions 500 lS/cm, treated
volume 6 L)
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complex process due to the strong thermal effects in water and the dynamics of the vapor

bubbles, which are accompanied by evaporation and condensation processes. The optical

emission spectra of discharges in bubbles are quite similar to spectra from the pulsed

streamer discharge in low conductive solutions and consist of OH-bands, H, O and atomic

lines [4]. However, there are differences in the electron density of formed plasma. Electron

densities reported for discharges excited in vapor bubbles are typically of the order of

1020 m-3 [17] while electron densities up to 1025 m-3 were reported in the case of pulsed

streamer discharges in water [23–25]. In addition, as the electric field required for the

discharge plasma formed in vapor bubbles is smaller (*30 kV/cm) compared to that for

the pulsed streamer discharge plasma in water (*1 MV/cm), a lower electron mean energy

might be expected in diaphragm discharge plasma. This assumption supports data of

Bruggeman et al. [26] reporting a smaller electron temperature in the DC-excited discharge

plasma formed in the vapor bubble than in water. The same authors also reported sig-

nificantly smaller H2O2 production by the discharge formed in the vapor bubble than in the

water. Therefore, while the magnitude of the temperature of the plasma and the energy

distribution of the electrons in the plasma strongly influence chemical processes induced

by electrical discharge plasma in water [27], it is likely that these factors might be the

reason for the lower H2O2 production efficiency of diaphragm discharge.

In addition to hydrogen peroxide, chemical activity of the present discharge apparatus

was studied on the degradation of phenol, which is often used as an organic compound

probe, especially in kinetic studies for the evaluation of oxidative effects caused by

electrical discharges in water [2]. Figure 6 shows that about 50 % degradation of 500 lM

phenol was obtained in 6 L of NaH2PO4 solution (with conductivity of 500 lS/cm) after

50 min of treatment by DC diaphragm discharge (applied voltage 6 kV, power input

2 kW). The rate of degradation was 5.4 9 10-7 mol/s and the energy yield of removal was

0.1 g/kWh. The degradation of phenol obeyed the first-order kinetics (typical for elec-

trophillic oxidations) giving catechol (CC), hydroquinone (HQ), 1,4-benzoquinone (BQ)

and hydroxy-1,4-benzoquinone (HBQ) as primary aromatic products of phenol (Fig. 6).

The pattern of analyzed products indicates that the degradation of phenol was achieved

primarily through oxidation by the plasmachemically formed hydroxyl radical which leads

Fig. 5 Effect of solution
conductivity on the production of
H2O2 by DC diaphragm
discharge in water (NaCl
solutions, treated volume 6 L,
power input 2 kW)
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to the production of hydroxylated phenol products [2]. The reason for the rather low energy

efficiency of phenol degradation might be related to the partial consumption of applied

energy for Joule heating of water during the pre- and post-breakdown phases of the DC

diaphragm discharge and different properties of plasma generated in vapor bubbles (similar

to the reasons for lower yields obtained for H2O2). In terms of the mechanism of phenol

degradation, the content of organic carbon determined from concentrations of analyzed

primary aromatic OH-products of phenol degradation corresponded to only about 20 % of

the total removed phenol organic carbon. Many other phenol products, which were not

detected by analytical method used in this work, were likely formed simultaneously (such

as, ring cleavage products of saturated and unsaturated aliphatic C1–C6 hydrocarbons) [2].

However, taking into account the thermal initiation mechanism of the diaphragm dis-

charge, the local temperature in the discharge can be very high. Therefore, it might be

possible that, in addition to the chemical mechanism of phenol degradation, oxidative

decomposition by radicals can be supplemented by thermal decomposition. For example,

thermal pyrolysis in plasma generated in bubbles and OH radical reactions in the liquid

near the interface were assessed for phenol degradation [28].

Biocidal Effects of DC Diaphragm Discharge

Inactivation of bacteria E. coli and E. faecalis and cyanobacterium Planktothrix sp. have

been determined in dependence on the solution conductivity (300 and 500 lS/cm) and

operating regime used for the flow of liquid through the reactor (re-circulation vs the plug-

flow regime). The power input was 2 kW with an applied voltage of 6 kV. Figure 7 shows

inactivation of E. faecalis as a function of the discharge treatment time in NaCl solutions

with a conductivity of 300 and 500 lS/cm. The gradual decrease in the number of survival

bacteria was observed with increasing the time of the discharge treatment, since the

amount of bacteria decreased somewhat faster in conductivity of 500 lS/cm compared to

300 lS/cm. A 4- to 5-log reduction in the number of bacteria was obtained in 6 L volume

solution within 15–20 min (required energy approximately 60 kJ per 1-log reduction per

1 L). Similar results were obtained for E. coli (Fig. 8). The faster bacterial inactivation

with increasing solution conductivity might be partly related to the increasing contribution

of UV light radiation emitted from the discharge, similar to the effect of UV which was

Fig. 6 Kinetics of degradation
of 500 lM phenol and formation
of primary aromatic by-products
during treatment by DC
diaphragm discharge in water
(treated volume 6 L, power input
2 kW, NaH2PO4 solution
500 lS/cm). PH phenol, HQ
hydroquinone, CC catechol, HBQ
hydroxy-1,4-benzoquinone, BQ
1,4-benzoquinone
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reported in the inactivation of bacteria using the pulsed corona discharge in water [29]. The

thermal effects of the plasma formed by DC diaphragm discharge might also contribute to

bacterial inactivation and their role can rise with higher solution conductivity.

From the viewpoint of the potential use of underwater plasma technology for biological

decontamination of water in real applications, it was interesting to evaluate the inactivation

efficiency of the present discharge apparatus when operated in a plug-flow regime (i.e.,

without re-circulation of the bacteria suspension back into the discharge reactor using the

initial liquid volume of 20 L). Figure 9 shows the inactivation of E. coli and E. faecalis in

dependence on the number of passes of the treated bacterial suspension through the dis-

charge reactor (conductivity of water was 500 lS/cm). As expected, bacterial inactivation

increased with the number of passes through the reactor. However, a 4- to 5-log reduction

in the number of bacteria was attained after 3 passes through the reactor (required energy

approximately 20 kJ per 1-log reduction per 1 L) compared to 15–20 min in the continuous

regime (Figs. 7, 8). Thus, using several discharge reactors coupled in series seems to be the

Fig. 7 Bacterial inactivation of
E. faecalis in a DC diaphragm
discharge reactor operated in a
continuous regime (NaCl
solutions 300 and 500 lS/cm,
treated volume 6 L, power input
2 kW)

Fig. 8 Bacterial inactivation of
E. coli in a DC diaphragm
discharge reactor operated in a
continuous regime (NaCl
solutions 300 and 500 lS/cm,
treated volume 6 L, power input
2 kW)
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option to enhance the time and energy efficiency and to increase the volume capacity of the

treated liquid in underwater plasma technology in environmental applications.

Another advantage of operating the diaphragm discharge reactor in a plug-flow regime

is shown in Fig. 10, which presents the growth inhibition of cyanobacterium Planktothrix sp.

in lake water with biomass after treatment by the discharge in dependence on the number

of passes through the reactor. Immediate inhibition of cyanobacteria increased with the

number of passes through the discharge (similar to the results obtained for E. coli and

E. faecalis in Fig. 9). However, growth inhibition of the algae further proceeded in the

days after exposure to the discharge and the same degree of permanent inhibition was

eventually attained after one pass as after two passes of the biomass through the reactor.

Various mechanisms might be involved in growth inhibition of cyanobacteria. These

include rupture of intracellular gas vacuoles in algae cells by physical effects (shockwaves)

induced by the discharge in water [30, 31] (which is, however, not a permanent effect since

cyanobacteria are able to recover within 5–7 days), and the oxidative stress and damage to

cells by reactive oxygen species produced by the plasma in water—either by radicals (such

as OH, O, etc.) or by long lived species (such as H2O2, etc.) [3, 32, 33].

Fig. 9 Bacterial inactivation of
E. coli (E.C.) and E. faecalis
(E.F.) in NaCl solutions of
500 lS/cm by a DC diaphragm
discharge reactor operated in a
plug-flow regime (i.e., without
re-circulation of the liquid; power
input 2 kW)

Fig. 10 Growth inhibition of
Planktothrix sp. after exposure to
DC diaphragm discharge as a
function of the number of passes
through the discharge reactor
(lake freshwater 285 lS/cm,
power input 2 kW)
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Figure 11 shows concentrations of H2O2 produced by DC diaphragm discharge in lake

water which was treated under the same experimental conditions as in the case of the

cyanobacteria experiments. The concentrations of H2O2 formed in water were already

quite high after one pass (*6 mg/L) and sufficient to cause damage to cyanobacteria,

which are rather sensitive to the oxidative effects of H2O2 [34–37]. Moreover, it is likely

that hydrogen peroxide formed in the lake freshwater upon treatment by plasma was partly

decomposed by iron ions, which were present naturally in the lake water (*20 lg/L Fe2?),

since lower concentrations of H2O2 were determined in this case compared to the same

experiment performed with NaH2PO4 solution (both solutions were without cyanobacteria,

see comparison in Fig. 11). Therefore, OH radicals, formed through Fenton’s reaction from

hydrogen peroxide, might also contribute to the cyanobacteria inactivation in this case.

Another reason for the prolonged and permanent inhibition of cyanobacteria might be the

cell lyse of weakened cyanobacteria by other (more resistant) microorganisms (e.g., bac-

teria) present in the plankton biomass of the lake water. The bacteria-algae interactions

were not evaluated in this study but it is evident that in natural aquatic ecosystems more

factors have to be considered in addition to the inactivation effects caused directly by

plasma. Nevertheless, it is seems that for growth inhibition of cyanobacteria, one pass of

the biomass through the discharge might be sufficient, which is a very promising result and

further study of these effects is in progress.

Conclusion

Novel apparatus for the generation of underwater plasma based on DC diaphragm dis-

charge excited in a vapor bubble has been developed for the decontamination and disin-

fection of conductive water. Compared to previously reported similar systems excited in

vapor bubbles based on pinhole or capillary discharge, the presented apparatus allows

deposition of relatively high applied power into the discharge (order of kW) and treatment

of a relatively large volume of liquid (order of L/min). The apparatus is operated at the

quasi-pulse regime with self-terminating discharge pulses (with a repetition rate of

15–20 Hz) generated upon the formation of a vapor bubble inside the diaphragm (capil-

lary) and its subsequent breakdown. Performance of the apparatus was evaluated on the

Fig. 11 Concentrations of H2O2

produced by DC diaphragm
discharge as a function of the
number of passes through the
discharge reactor (lake
freshwater or NaH2PO4 solution
285 lS/cm, power input 2 kW)
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chemical and biological effects induced in water by the DC diaphragm discharge in

dependence on the applied power, solution conductivity and treatment method of the liquid

flowing through the reactor. The chemical activity of the discharge apparatus was evalu-

ated by measuring of the yield of plasmachemical production of H2O2 and the degradation

of phenol. The yield of H2O2 increased linearly with increasing power input, with the

maximum yield of 0.51 g/kWh for the highest applied power of 2.5 kW. The energy yield

of phenol degradation was 0.1 g/kWh. Solution conductivity had a very negligible effect

on the plasmachemical activity of the discharge. The biocidal effects of the apparatus were

evaluated on the inactivation of bacteria E. coli, E. faecalis, and the growth inhibition of

cyanobacterium Planktothrix sp. It was shown that the apparatus is capable of efficiently

reducing biological contamination in water, especially when the diaphragm discharge

reactor was operated using the plug-flow regime. Up to a 5-log reduction in the number of

bacteria was obtained after 3 passes through the discharge reactor. In the case of cyano-

bacteria it was found that growth inhibition of algae further proceeded in the days after

exposure to the discharge and the same degree of inhibition was eventually attained after

one pass as after two passes of the biomass through the reactor. It seems that for the growth

inhibition of cyanobacteria, one pass of the biomass through the discharge reactor might be

sufficient.
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